Abstract: PETs/PHB blends with different compositions were produced by "casting" method. The blends were investigated by TGA, DSC, 1 H and 13 C NMR and FTIR. Phase separation occurred during blend preparation. PETs and PHB were present in both formed phases. The phases presented different thermal stabilities unrelated to phase component concentration changes. The miscibility study by DSC showed that PHB-phase rich blends are immiscible, whereas the PETs-rich phase blends are miscible. The 1 H NMR spectra of the miscible blends exhibited a peak close to the PHB methylene signal, which is in accordance with the interaction between the PETs SO 3 -groups and the PHB carbonyl groups. This interaction result in a shift of the PHB carbonyl group absorption band in the FTIR spectra and a variation in the chemical shift of the PHB carbonyl group resonance peak in solid state 13 C NMR. No specific interaction was observed for the immiscible blends.
Introduction
Due to their good mechanical properties, thermoplastic polymers have numberless applications, ranging from household to specific application materials, such as medical ones. Aromatic polyesters stand out among thermoplastic polymers for their excellent physical and mechanical properties. Poly(ethylene terephthalate) (PET) is one of the most commercially important polymers. PET can be used for several purposes due to its high mechanical and thermal resistance. However, its disposal and low biodegradability cause serious environmental problems. Polymer biodegradability has been extensively discussed all over the world in search for alternative solutions.
Most aliphatic polyesters are biodegradable; however, their physical and mechanical properties are inappropriate for several applications [1] . Polyhydroxyalkanoates (PHAs) are natural biodegradable polyesters that may be hydrolytically or enzymatically degraded. They can also be completely degraded through the action of microorganisms, producing carbon dioxide and water [2] [3] [4] [5] [6] . Several works reporting blends containing poly(3-hydroxybutyrate) (PHB) have been published due to the fact that PHB is miscible or partially miscible with a great number of polymers [7] [8] [9] [10] [11] . However, there are no reports on blends containing both PHB and PET because there are difficulties in finding an adequate solvent for both polymers, which prevents the use of the casting method for obtaining blends and melt blending cannot be used because the PET melting point is higher than the PHB degradation temperature onset. An alternative is to use PET ionomers [12] [13] [14] , polymers with monomeric units functionalized by ionic groups, for blending.
The limited miscibility of the two polymers can be considerably improved if specific interactions between the two components provide a negative mixing enthalpy. The ionomer ionic groups act like specific sites for intermolecular interaction. These interaction sites may be created through the incorporation of moieties to act as specific sites for intermolecular interactions between immiscible polymer pairs avoiding their immiscibility [15] [16] [17] [18] [19] [20] [21] [22] [23] .
The use of ionomers to introduce specific interactions between components in a polymer blend has been studied [24] [25] . These specific interactions may be responsible for intermacromolecular complexation between unlike chains.
The object of this work is to prepare blends using a sulphonated PET ionomer and PHB in different ratios to evaluate the thermal behavior, through differential scanning calorimetry (DSC) and thermogravimetry (TGA) analyses, and also the miscibility through nuclear magnetic resonance ( 1 H NMR), solid-state 13 C NMR, and Fourier transform infrared spectroscopy (FTIR). In this way it was possible to investigate the existence of specific interactions between the polymers. The chemical structures of PET ionomer and PHB are presented in Figure 1 . 
Result and discussion
Thermogravimetric Analysis (TGA) Figure 2 and Figure 3 show the weight loss and DTG curves as a function of temperature for PETs, PHB, and phase 1 and 2 blends. The results show that PETs is much more thermally stable than PHB is. PHB decomposed in a single stage and PETs in two stages at different temperatures. The degradation temperature at onset of the pure polymers is 221.2 and 367.1 ºC, respectively. In the TGA of the blends two neat degradation steps were observed, the first step is due the degradation of the PHB and the second is due the degradation of the PETs. Therefore, both phases contain PETs and PHB in different amounts. The compositions of phases 1 and 2 blends, as well as their relative weights, were roughly evaluated from the TGA curves utilizing the weight loss ratio of the stages. The onset of the degradation temperature in different steps change due to the influence of the mixture of the polymers, miscibility of the blends, heating rate and surrounding atmosphere, however, the weight loss in each step depends only on the composition of the blends, which makes the quantitative analyses from the TGA data possible. The results are shown in Table 1 . This approximation was possible because both polymers presented good separation at their well-defined thermal degradation temperatures.
The phase compositions are different and depend on the system global composition. Phase 1 is richer in PHB and phase 2 is richer in PETs. From Figure 4a , it can be observed that both PETs weights in phase 1 (w PETs 1 ) and phase 2 (w PETs 2 ) blends increase with the increase of PETs content in the system. The thermal stability of the blends was analyzed through the degradation temperature (T i ), shown in Table 2 . Phase 2 blends exhibited a high T i . This behavior cannot be exclusively attributed to the fact that phase 2 blends are rich in PETs, because although P1D and P2A blends (phases 1 and 2, respectively) have the same composition (0.35/0.65), their T i differ about 15 ºC.
In this work, two different PETs/PHB blend phases were formed. It was possible to obtain films from each phase; however, the blends obtained from each phase had compositions different from those named nominal ratio. The phase separation can be explained in terms of specific interactions and intermacromolecular complexation. PETs contains ionic groups covalently bond to the carbon chain. In low polarity solvents, the chains adopt a conformation that enables intra/intermolecular interactions and the formation of ion-rich microdomains [21, 22] . This conformation leads to a non-homogenous charge distribution, which may explain the solubility of PETs in low polarity solvents.
PHB may interact with electron-donating species because of their ester groups. Consequently, the SO 3 -groups of PETs can interact with ester groups of PHB. The scheme of the proposed interaction can be seen in Figure 1 . However, the conformation adopted by PETs in low polarity solvents may hide the ionic groups; hence, the interaction with PHB should be more difficult to occur. When dichloromethane solutions containing PETs and PHB are mixed, a gelatinous precipitate containing PETs and PHB was formed. Such precipitation can be explained by the conformational change of a small part of PETs, which leads to the exposure of the ionic group (SO 3 -) and facilitates the intermacromolecular complexation with PHB. Nevertheless, the conformation adopted by PETs to interact with electron-donating species hampers solvation and leads to its precipitation along with the PHB directly linked by specific interaction. This proposition justifies the presence of PHB and PETs in both phases. After separation, phase 2 can be dissolved in dichloromethane under heating and agitation. For such, PETs and PHB molecules must change conformation once more. However, the ion-dipole interaction between PHB and PETs is maintained. 
Differential scanning calorimetry (DSC)
Miscible polymer pairs show a single glass transition temperature (T g ) intermediate between those of the pure polymers, which makes DSC a suitable method to study the miscibility of polymer blends. The T g of PETs and PHB were determined in the DSC curves. The existence of only one step of thermal degradation is not a necessary condition in order to assume the miscibility of a blend. Two steps of thermal degradation for miscible blends were reported in the literature [8] .
Temperatures of -4.5 ºC and 32.3 ºC were obtained for PHB and PETs, respectively. The DSC curves for all phase 1 blends showed two T g values close to those of the pure polymers ( Figure 5 ), which indicates that phase 1 blends are immiscible. All phase 2 blends had only one T g ( Figure 6 ). The temperatures were between those observed for the pure polymers and exhibited a nonlinear dependence on blend composition ( Figure 7) . A single polymer blend glass transition indicates miscibility. Kuo and Chang [26] found a similar phase 2 behavior for poly (vinyl pyrrolidone) PVP and poly(vinylphenol) (PVPh) miscible blends. The authors argued that the nonlinear behavior was due to the strong hydrogen bond interactions between PVP and PVPh in the blends. T. K. Kwei [27] evaluated the effects of specific interaction on the T g of miscible blends and proposed an empirical equation to predict the variation of their T g as a function of their composition:
where T g is the glass transition temperature of the binary blend, W 1 and W 2 are the weight fractions of the two polymers, and T g1 and T g2 are the glass transition temperatures of the pure polymers. Parameters k and q are fitting constants and q gives a measure of the specific interaction strength in the blend [28, 29] . 
Fourier Transform Infrared Spectroscopy Analysis (FTIR)
The interaction between SO 3 -and carbonyl groups can be inferred from the FTIR spectra. Figure 8 shows FTIR spectra for PHB and phase 1 and 2 of blends in the range from 1850 to 1600 cm -1 . The intense band between 1780 and 1700 cm -1 was attributed to carbonyl absorption. No significant changes were observed in the spectra of phase 1blends in comparison with those of the pure polymers. However, carbonyl absorption occurs at lower wavenumbers for phase 2 blends than that for the pure polymers. This may be due to an interaction between carbonyl and SO 3 -groups and a decrease in the force constant of the C=O double bond. 
H NMR
The resonance signal of the PHB methylene group hydrogens (-CH 2 -), directly linked to the carbonyl carbon, is seen in the range from 1.8 to 3.6 ppm in 1 H NMR spectra (Figure 9 and 10 ). (Figure 10) , it is possible to identify an intense peak close to the PHB methylene signal, except for the 0.35/0.65 blend. The chemical shift of this peak depends on the blend composition and it is larger for blends rich in PETs. The chemical shifts are 2.75, 2.79, and 2.90 ppm for P2B, P2C, and P2D blends, respectively. The appearance of a peak close to the PHB methylene signal only in the H 1 NMR spectra of phase 2 blends is due to a change in the chemical environment feeling by methylene group with the approach of the PETs SO 3 -group to the PHB carbonyl group. This effect agrees with the formation of the interaction between the PETs SO 3 -groups and the PHB carbonyl groups. In the phase 2 0.35/0.65 blend the amount of PETs is not sufficient to provoke the chemical shift in the PHB methylene signal. C CP/MAS spectra of PETs, PHB, and phase 2 blends are shown in Figure 11 . The spectrum of PETs presents three broad resonance peaks, which are attributed to carbonyl (1), protonated and nonprotonated aromatic (2) and methylenic (3) carbons. Four narrow peaks can be observed in the spectrum of pure PHB, which are attributed to carbonyl (4), methynic (5), methylenic (6) and methyl (7) It presents all peaks of PETs and pure PHB, but the carbonyl resonance peak attributed to PHB is shifted to low field by ca. 0.6 ppm. It is well known that intermolecular interactions in polymer blends can affect the chemical environments of the interacting molecules, which can result in downfield chemical shift. This kind of phenomenon was reported by Kuo et. al. [30] . The carbonyl resonance of PVP shifted downfield by ca. 2 ppm for a zinc salt content of 40 wt% is due to the ion-dipole interaction between zinc perchlorate and poly(vinylpyrrolidone). The larger shift for the system PVP/zinc salt than that of the PETs/PHB is justified by the higher concentration of zinc salt and the larger mobility of perchlorate ions in comparison to the sulphonic ions linked to PETs. These characteristics facilitate the approximation of the perchlorate and the dipolar group in the PVP. Therefore, we can postulate that the shift of ca. 0.6 ppm is due to the existence of specific interactions between PHB and PETs, which is consistent with FTIR, DSC, and 1 H NMR analyses results. The spectra of phase 1 are merely the overlapping of PETs and PHB spectra, without any chemical shift changes.
Conclusions
The formation of specific interaction between PHB and PETs through the carbonyl and SO 3 -groups in phase 2 blends is evidenced by a decrease in the force constant of the C=O double bond as measured by FTIR. This interaction causes a shift in this band from 1740 cm -1 for the pure PHB to 1720 cm -1 for phase 2 blends.
The appearance of a new peak in the 1 H NMR spectra can be explained in terms of changes in the chemical environment felt by hydrogens of methylene group directly linked to the carbonyl group in PHB provoked by the approximation of PETs SO 3 -group. The change in the chemical shift of the PHB carbonyl group in solid-state 13 C NMR also agreed with the formation of the iondipole interaction. The 1 H NMR in solution and in solid-state 13 C NMR analyses showed that a specific interaction takes place both in solution and in solid state.
In this specific interaction, the main factor responsible for the miscibility of PETs/PHB blends, depends on the conformation of PETs in solution. The dependence of the conformational change on the PHB concentration indicates that PHB plays a major role in this process.
PETs dissolved in a low polarity solvent (dichloromethane) must undergo a conformational change to interact with PHB. This change causes a decrease in the polymer solvation and the formation of a gelatinous precipitate. The miscibility of the polymers in phase 2 blends determined by DSC measurements justified their higher thermal stability in comparison to those of phase 1blends and of the pure polymers.
Experimental
The water-soluble sulphonated PET ionomer (PETs), traded as Gerol-PS-20 ® , was obtained from Rhodia (20% sulphonated), and PHB was donated by Biocycle. PHB was purified by successive recrystallization with chloroform (Nuclear) (3% w/v) as a solvent and petroleum ether (Chemco) as a nonsolvent. Blends were prepared with different PETs/PHB ratios (10/90, 20/80, 30/70, and 40/60) by adding different volumes of pure dichloromethane polymer solutions (3% w/v) under stirring at room temperature (±25 ºC) for 3 hours. Phase separation occurred when the polymer solutions were added under stirring and formed a gelatinous precipitate at all ratios tested, that persisted after some hours' stirring. It was not possible either to dissolve the precipitate or to homogenize the polymeric solution by any methods tried, such as dilution with subsequent addition of solvent, longer agitation time, and heating. The soluble fractions were separated from the gelatinous precipitate and transferred to glass plates, and the solvent was evaporated for 5 h at room temperature to obtain films. These blends were named phase 1. The previously separated gelatinous precipitate fractions could then be dissolved in dichloromethane under stirring at 60 ºC in closed flasks. After the dissolution of gelatinous precipitate, the solution was transferred to glass plates and the solvent was evaporated for 5 h at room temperature to obtain films. These blends were named phase 2. From four initial ratios, it was obtained eight blends: four blends from the soluble fraction (phase 1: P1A, P1B, P1C, and P1D) and four blends from the gelatinous precipitate fraction (phase 2: P2A, P2B, P2C, and P2D). Thermogravimetric analyses were carried out in a SHIMADZU model TGA-50 apparatus to determine the thermal degradation behavior of the blends. Measurements were accomplished with nitrogen flow rate of 20 mL min -1 and heating rate of 10 ºC min -1 . Differential calorimetric analyses were made in a SHIMADZU model DSC-50 apparatus with nitrogen flow and heating rate conditions similar to those used in TGA. In order to determine the glass transition temperature (T g ), samples with ca. 6 mg were closed into aluminum pans and submitted to two distinct heating processes. In the first heating process, the temperature was raised from room temperature to 180 ºC, in order to avoid thermal history. Afterwards, the sample was quickly cooled in liquid nitrogen, and then re-heated up to 200 ºC. T g values were determined from the initial inflection point in the second scan. Blends and pure polymer's glass transition temperatures were determined in order to analyze the miscibility of the blends. Possible interactions between the polymers were investigated by FTIR in a Bomem model MB-100. Solid-state C NMR spectra were taken using broadband proton decoupling and normal cross-polarization pulse sequence. A magic angle sample spinning (MAS) rate of 4 kHz was used to avoid absorption overlapping. CP/MAS spectra were measured with a 2.75-µs 90° pulse, acquisition time of 3 ms and 4096 scans. 1 H NMR spectra were obtained with samples dissolved in deuterated chloroform.
